The in-motion alignment of a SINS/GPS integrated system uses the GPS velocity and position as observations, hence the SINS position and velocity errors are instantaneously observable. However the attitude error is not directly observable, it is important to find a way to improve the observability of attitude error because the degree-of-observability of the attitude error affects the accuracy of alignment. In this paper, the singular value decomposition (SVD) method is used to analyze the degree-of-observability of SINS/GPS during in-motion alignment. Simulations involving nine typical maneuvers indicate that both the yaw-axis rotation and the accelerated motion can improve the degree-of-observability of attitude error. Of the nine types of maneuvers, the triaxial rotation with acceleration is the most effective maneuver for improving the degree-ofobservability of a SINS/GPS integrated system.
Introduction
In-motion alignment of integrated Strapdown Inertial Navigation Systems (SINS) and Global Position System (GPS) systems is often realized through the use of a Kalman filter to estimate the attitude of the host platform. The accuracy and convergence speed of the Kalman filter are dependent on the observability and degree-of-observability of system states [1] . As the system matrix is related to the type of maneuvers of the platform, the different maneuvers may lead to changes of the system's observability [2] [3] [4] . Therefore, it is important for understanding the quality of the in-motion alignment to analyze the influence of maneuvers on the observability of the system states, and hence to identify ways of improving the observability of the system. The SINS velocity and position errors are instantaneously observable by GPS. However the attitude error is not directly observable in the same way. This paper therefore focuses on the degree-of-observability of attitude error.
During the process of in-motion alignment, the system becomes a time-variant system due to the angular and linear motion of the platform. It is more difficult to analyze the observability of a timevariant system than a constant system. In this paper, the time-variant system is approximated by a piece-wise constant system (PWCS) [5] [6] . Then the degree-of-observability of the system is analyzed through the application of the singular value decomposition (SVD) method to compare the influence of different maneuvers on the observability and degree-of-observability of the system states [1] . This paper first presents the system error model and the observation model for GPS/SINS integration. Then the degree-of-observability is analyzed based on the SVD of PWCS observability matrix. Finally, nine types of maneuvers are investigated. The simulation results show that the yawaxis rotation and the accelerated motion are more effective for improving the accuracy and speed of convergence of the alignment.
System Model
System Error Model. Because of the SINS error characteristics, the velocity error, position error, misalignment angles, accelerator bias and gyro drift are chosen as elements of the state vector. The SINS navigation coordinate system is the East-North-Up (ENU) frame. The state vector therefore is: The error model of SINS for integration is [7] :
where ( ) W t is the system noise vector, and 0 
c is the element of attitude matrix.
System Observation Model. The velocity and position provided by GPS are used as observations. The observation model can be written as:
where 
For every time segment j the matrices j φ , j ϕ and j H are constant, but they may vary from segment to segment. Since the observability matrix of each segment j is defined as 
where (1) X is the vector of initial states. The degree-of-observability is defined as:
where i σ is the singular value of the maximum state in (1) X , 0 σ is the singular value of the directly measured state, and k η is the degree-of-observability of the k th state.
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Simulation Results
Since GPS provides velocity and position as the observations, the observability of velocity errors and position errors is instantaneous. The analysis here is focused on the degree-of-observability of attitude errors, accelerometer bias and gyro drift, under nine different maneuvers, including: (1) uniform speed of 10m/s; (2-3) accelerated motion of 5m/s2 in either north or east direction; (4-6) single-axis rotation of amplitude 5°in each roll/pitch/yaw, for a period of 5s; (7) combination of three single-axis rotations; (8) 
The results for the degree-of-observability for each maneuver are shown in Table Ⅰ . For linear motion, the degree-of-observability during north accelerated motion is the best. For angular motion, the degree-of-observability during yaw-axis rotation is better than other single-axis rotation, and the degree-of-observability during the triaxial rotation is the best. For linear and angular motion, the degree-of-observability during triaxial rotation with acceleration is better. It also can be seen that yaw-axis rotation can improve the observability of the accelerometer bias, which affects the estimation accuracy of the two leveling misalignment angles, and the accelerated motion can improve the observability of the gyro drift, which affects the estimation accuracy of the azimuth misalignment angle. Overall, it can be concluded that the degree-of-observability during triaxial rotation with acceleration is the best maneuver. Table 1 Deree-of-Observability of System States During Nine Types of Maneuvers The Kalman filtering is then applied for SINS/GPS initial alignment for four types of maneuvers. The estimated errors of the misalignment angles are plotted in Fig. 1 to Fig. 6 .
From Fig. 1 to Fig. 3 it can be seen that the estimation error in the north accelerated motion is less than for uniform motion. From Fig. 4 to Fig.6 it can be seen that the estimation error in the triaxial rotation with acceleration is less than for uniform circular motion, and the estimation accuracy in the Table Ⅰ , which means the degree-of-observability can be used to indicate the accuracy of the integration Kalman filter result during the alignment process.
Concluding Remarks
In this paper the error model and observation model of an integrated SINS/GPS system is established. The degree-of-observability of the system states was analyzed based on the SVD of SOM. This analysis was performed for nine types of maneuvers. Simulation results show that the yaw-axis rotation and accelerated motion can both improve the degree-of-observability for misalignment angles, so that the estimation accuracy of the attitude errors is improved. Of the nine types of maneuvers, the triaxial rotation with acceleration is the most effective maneuver for improving the degree-of-observability of a SINS/GPS integrated system.
